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Rhomboids, evolutionarily conserved integral
membrane proteases, participate in crucial sig-
naling pathways. Presenilin-associated rhom-
boid-like (PARL) is an inner mitochondrial
membrane rhomboid of unknown function,
whose yeast ortholog is involved in mito-
chondrial fusion. Parl/ mice display normal
intrauterine development but from the fourth
postnatal week undergo progressive multi-
systemic atrophy leading to cachectic death.
Atrophy is sustained by increased apoptosis,
both in and ex vivo. Parl/ cells display normal
mitochondrial morphology and function but are
no longer protected against intrinsic apoptotic
death stimuli by the dynamin-related mitochon-
drial protein OPA1. Parl/ mitochondria dis-
play reduced levels of a soluble, intermembrane
space (IMS) form of OPA1, and OPA1 spe-
cifically targeted to IMS complements Parl/
cells, substantiating the importance of PARL
in OPA1 processing. Parl/ mitochondria un-
dergo faster apoptotic cristae remodeling and
cytochrome c release. These findings implicate
regulated intramembrane proteolysis in con-
trolling apoptosis.
INTRODUCTION
Rhomboid proteases constitute probably the most widely
conserved polytopic-membrane-protein family identified
until now (Koonin et al., 2003). Seven rhomboids havebeen identified inD.melanogaster (Freeman, 2004), where
they function as essential activators of the epidermal
growth factor (EGF) signaling pathway, proteolytically
cleaving the EGF receptor ligands Spitz, Gurken, and
Keren. Since all Rhomboids share a conserved serine
protease catalytic dyad (Lemberg et al., 2005), it has
been suggested that they are able to cleave proteins in
the transmembrane domain. Therefore, together with the
presenilin aspartyl proteases and the Site 2 metallo-
proteases, they have been functionally assigned to a
previously unidentified class of highly hydrophobic prote-
ases involved in ‘‘regulated intramembranous proteolytic
cleavage,’’ a novel cell-signaling mechanism (Brown
et al., 2000). Our knowledge of the mammalian rhomboids
is extremely scarce. For example, they are unlikely to be
involved in EGF signaling, since TGFa, the major mam-
malian ligand of the EGFR pathway, is released by metal-
loproteases of the ADAM family (Freeman, 2004).
Recently, a mitochondrial rhomboid, rbd1/pcp1, was
identified in Saccharomyces cerevisiae (Esser et al.,
2002; Herlan et al., 2003; McQuibban et al., 2003; Sesaki
et al., 2003). Drbd1 cells display fragmented mitochondria
and impaired growth on nonfermentable carbon sources,
similar to the phenotype caused by deletion of the dyna-
min-related protein Mgm1p, which turned out to be a sub-
strate for Rbd1p. The short isoform of Mgm1p produced
by Rbd1p is required to maintain mitochondrial morphol-
ogy and fusion (Herlan et al., 2003; McQuibban et al.,
2003). Thus, rhomboids and intramembrane proteolysis
appear to control mitochondrial dynamics and function
in yeast.
Mitochondria are crucial organelles in intermediate
metabolism and energy production (Danial et al., 2003),
Ca2+ signaling (Rizzuto et al., 2000), and integration and
amplification of apoptotic signals (Green and Kroemer,
2004). Such functional versatility is mirrored by theirCell 126, 163–175, July 14, 2006 ª2006 Elsevier Inc. 163
complex and dynamic morphology, controlled by a grow-
ing family of ‘‘mitochondria-shaping’’ proteins that regu-
late fusion and fission events. In mammals, fission is con-
trolled by the dynamin-related protein DRP-1 (Smirnova
et al., 2001) and its outer membrane (OM) adaptor hFis1
(James et al., 2003; Yoon et al., 2003). Fusion is mediated
by twoOMproteins, mitofusin (MFN) -1 and -2. Optic atro-
phia 1 (OPA1), the homolog of S. cerevisiaeMgm1p, is the
only dynamin-related protein identified in the inner
membrane (IM) so far (Olichon et al., 2002). OPA1 pro-
motes mitochondrial fusion by cooperating with MFN1
(Cipolat et al., 2004) and is mutated in dominant optic
atrophy, the most common cause of inherited optic neu-
ropathy (Alexander et al., 2000; Delettre et al., 2000).
The homolog of yeast Rbd1p in mammals is the so-called
‘‘presenilin-associated rhomboid-like’’ (PARL). PARL is
a rhomboid protease originally identified in a two-hybrid
screen to interact with presenilin, the enzymatically active
core protein of g-secretase (Pellegrini et al., 2001), and
later found to be mitochondrial (Sik et al., 2004). We
used a genetic approach to investigate the function of
PARL and its potential role in OPA1 processing.
RESULTS
Targeted Inactivation of the Mouse Parl Gene
Mice with loxP sites inserted in the Parl gene (Parlflx/flx)
were generated by homologous recombination (Fig-
ure 1A). They were crossed with a mouse strain express-
ing Cre from the PGK promoter, resulting in Cre-mediated
excision of the region between the loxP sites in all tissues.
The resulting Parl null allele (Parl/) (Figure 1A) still gener-
ated a small amount of aberrantly migrating RNA (Fig-
ure 1C). RT-PCR and sequencing showed the absence
of exon 2. Since this resulted in a frame shift and prema-
ture stop codon, the remaining RNA is no longer functional
(Figures 1D and 1F). Immunoblotting confirmed the loss of
PARL in fibroblasts derived from Parl/ mice (Figure 1E).
Parl/ Mice Prematurely Die of Progressive
Cachexia
Parl/ mice were born in a normal Mendelian frequency
and developed normally up to 4 weeks. From then on,
mice displayed severe growth retardation (Figures 2A
and 2B). Parl/ mice lost muscle mass (erector spinae,
abdominal muscles, and diaphragm), leading to postural
defects with hunchback deformity (Figure 2A). All animals
died between 8 and 12 weeks (Figure 2C), most likely as
a consequence of moving and breathing problems and
general cachexia.
Microscopically, the diameter of individual muscle
fibers was reduced (Figure 2O). Spinal motoneurons
were normal, and AChE histochemistry failed to reveal
signs of neurogenic atrophy (data not shown). At 8 weeks,
thymus and spleen were massively atrophic, weighing
10% or less compared to controls (Figures 2D and 2I),
with severe lymphocyte loss (Figures 2E and 2J). Uteri re-
mained prepuberal, while ovaries were histologically164 Cell 126, 163–175, July 14, 2006 ª2006 Elsevier Inc.Figure 1. Generation of Parl Knockout Mice
(A) Maps of the targeting vector, the wild-type Parl allele, the condi-
tional targeted allele (floxed allele), and the disrupted Parl allele. Exons
(black boxes), LoxP and FRT recombination sites (white and black
arrowheads, respectively), and locations of PCR primers are indicated.
The expected sizes for restriction fragments detected by 50 (L), 30 (R)
flanking or internal probes (H) (PCR fragments, black bars) from
targeted and wild-type alleles are indicated with line diagrams. Posi-
tive selection marker is indicated as a gray box. Relevant restriction
sites are shown (BglII, indicated as B and EcoRI as E).
(B) Examples of Southern blot of DNA isolated from ES cells, digested
with EcoRI, and hybridized with the different probes (L, R, and internal
[H]).
(C) Northern blot: theParl transcript is detected in wt and heterozygous
embryos. In Parl/, a weak signal corresponding to an aberrant
transcript is detected. The b-actin transcript is detected as control.
(D) RT-PCR analysis of Parl transcripts in wt and Parl/ MEF cells.
A shorter transcript of Parl is detected in the Parl/ cells. Sequencing
of the aberrant transcript confirmed a reading shift in remaining tran-
script.
(E) 100 mg of wt and Parl/ MEFs lysate was resolved by SDS-PAGE
and probed with anti-PARL antibody (specific band around 30 kDa).
The unspecific upper band was used as loading control.
(F) Prediction of the maximal possible aberrant PARL protein. Bold
amino acids are identical to wt PARL.
normal. Males showed cryptorchidism with size reduction
of testes, epidydimis, and accessory glands (data not
shown). Fluoro-Jade (Figure 2N) staining and activated
caspase-3 immunoreactivity (data not shown) indicated
(mild) neurodegenerative changes and apoptotic cell
death in thalamus and striatum. Latency of the acoustic
startle response was increased in Parl/ mice (p <
0.001), which could relate to defects in neural conduction,
striatal dysfunction, and/or increased reaction time (data
not shown).
Parl/ mice have thus greatly reduced life span due to
progressive cachexia and are characterized by severe
atrophy of muscular tissue, spleen, and thymus and indi-
cations of increased apoptosis. We investigated the ex-
tent to which mitochondrial dysfunction and/or apoptotic
dysregulation contributed to this multisystemic atrophy.
Parl Is Not Required for Mitochondrial
Respiratory Function
Total ATP content in limb muscles isolated from Parl/
and wild-type (wt) animals was comparable (67.5 ± 11.3
nmol ATP/mg protein in wt versus 62.6 ± 16.4 nmol ATP/
mg protein in Parl/ muscle). Basal (state 4), ADP-stimu-
lated (state 3), and maximal (uncoupled) respiratory rates
(JO2) of wt and Parl
/ mitochondria isolated from liver
(data not shown), fibroblasts (data not shown), or muscle
(Figure 2P) were similar, irrespective of the substrates
used to feed the respiratory chain. Moreover, uptake of
the potentiometric dye tetramethyl rhodamine methyl
ester (TMRM) was unaltered in ParI/ mouse embryonic
fibroblasts (MEFs) (see Figure S1A in the Supplemental
Data available with this article online) and in primary myo-
blasts and myotubes isolated from ParI/ diaphragms
(Figure 6E). Mitochondrial depolarization in response to
the F1F0ATPase inhibitor oligomycin is a sensitive test of
latent mitochondrial dysfunction in intact cells (Irwin
et al., 2003). Real-time imaging of mitochondrial TMRM
fluorescence in response to oligomycin showed no depo-
larization in ParI/ MEFs, myoblasts, or myotubes (Fig-
ures S1B–S1D). Thus, Parl/mitochondria do not display
primary respiratory defects or latent mitochondrial dys-
function in hepatocytes, MEFs, myocytes, or myotubes.
Mitochondrial dysfunction therefore does not explain
Parl/ muscular atrophy and multisystemic failure.
Absence of Parl Results in Massive Apoptosis
of T and B Lymphocytes
Muscle atrophy can be caused by apoptosis, but apopto-
tic segments of muscle fibers are rapidly cleared, making
them difficult to detect (Sandri and Carraro, 1999). We
turned therefore to thymus and spleen, where apoptosis
determines cellular content and fate. Severe cell depletion
andmarked TUNEL staining was evident in both organs of
Parl/ animals (Figures 2E and 2J). In the thymus, the
great majority of T cells follow the normal developmental
sequence CD4CD8 (double negative, DN)/CD4+
CD8+(double positive, DP)/CD4+CD8 or CD4CD8+
(single positive). Numerically, DN thymocytes wereunchanged, while DP cells were reduced over 100-fold
in Parl/ mice (Figures 2F and 2G) as a result of massive
apoptosis revealed by their counterstaining with annexin-
V (Figure 2H, gray bars). Similarly, apoptosis depleted the
B220+ B cell population in Parl/ spleens (Figures 2K–
2M). Parl/ thymocytes isolated from 7-week-old mice
and cultured in complete media also displayed increased
death (Figure 2H, hatched bars), suggesting a cell-auton-
omous effect (Hao et al., 2005). Overall our results show
that in adult Parl/ mouse, B220+ B cells as well as DP
T cells undergo increased apoptosis in and ex vivo. To-
gether with the caspase-3 positivity of brain sections
(data not shown) and the muscular atrophy, these results
suggest that increased susceptibility to apoptosis could
contribute to the multisystemic failure of Parl/ mice.
Parl Regulates Cytochrome c Release
from Mitochondria
To analyze the effects of PARL deficiency on apoptosis at
the molecular level, we turned to MEFs. SV40-trans-
formedParl/MEFs proved very susceptible to a panoply
of intrinsic apoptotic stimuli acting via mitochondria,
including the ‘‘BH3-only’’ member of the BCL-2 family
BID. Conversely, death by the extrinsic stimulus TNF-
a was comparable in wt and Parl/ MEFs (Figure 3A).
Thus, PARL does not influence the extrinsic pathway of
apoptosis induced by TNF-a in MEFs. Expression of
BCL-2 did not protect (data not shown), demonstrating
that MEFs behave like type I cells, bypassing mitochon-
dria in this form of apoptosis (Scaffidi et al., 1998). This
was confirmed in primary MEFs from a different clone
(data not shown). Finally, primary myoblasts from Parl/
mice also showed increased TUNEL-positive nuclei in
response to H2O2 (Figure 3A). Reintroduction of active
PARL in Parl/ MEFs decreased death to wt levels,
irrespective of the stimulus employed (Figures 3B–3D).
Conversely, a catalytically inactive mutant of PARL,
335His/Gly (PARLH335G), corrected PARL expression
(Figure 3E) but was unable to rescue apoptosis of Parl/
MEFs (Figure 3H).
Following treatment with H2O2, Parl
/ MEFs and pri-
mary myoblasts released cytochrome c more rapidly
than their wt counterparts (Figures 4A–4D). Mitochondrial
dysfunction, which accompanies cytochrome c release,
also occurred faster in Parl/ MEFs (Figures 4E and
4F), while multidomain proapoptotics BAK and BAX, re-
quired for release of cytochrome c through the outermem-
brane (Wei et al., 2001), were equally activated (data not
shown). Isolated Parl/ liver mitochondria also released
cytochrome c faster than their wt counterparts upon treat-
ment with recombinant caspase-8-cleaved BID (cBID)
(Figure 4G). This was again not due to enhanced BAK ac-
tivation, as higher-order BAK oligomers appeared with the
same kinetics in wt and Parl/ mitochondria (Figure 4H).
The major store of cytochrome c released during apo-
ptosis is located in the mitochondrial cristae. We therefore
measured cytochrome c redistribution following treatment
of isolated wt and Parl/ mitochondria with cBID usingCell 126, 163–175, July 14, 2006 ª2006 Elsevier Inc. 165
Figure 2. Wasting Phenotype of the Parl/ Mice Is Characterized by Increased Apoptosis
(A) Representative photograph of wt (+/+) and Parl/ (/) 8-week-old littermates.
(B) Growth curve of wt, Parl+/, and Parl/ female littermates (mean ± SEM).
(C) Kaplan-Meier survival curve of wt and Parl/ littermates.
(D) Images of thymuses dissected from 8-week-old wt (+/+) and Parl/ (/) mice. Scale bar, 1 mm.
(E) TUNEL staining of wt and Parl/ 7-week-old thymuses. Scale bar, 75 mm.
(F) Cumulative analysis of subset distribution of thymic lymphocytes of the indicated genotype, stained with anti-CD4-FITC and anti-CD8-PECy5
antibodies. Data represent mean ± SE of eight 7- to 9-week-old littermates.
(G) Numbers of DN and DP thymic lymphocytes (±SE) from eight different wt and Parl/ littermates.
(H) Decreased viability of DP (gray bars) and cultured (hatched bars) Parl/ thymic lymphocytes. Viability of DP was calculated as the percentage of
annexin-V-Alexa 568-negative events in gated CD4-FITC, CD8-PECy5-positive thymic lymphocytes of the indicated genotype. Data represent
mean ± SE of five wt and Parl/ littermates.
(I) Images of spleens dissected from 8-week-old wt and Parl/ littermates. Scale bar, 1 mm.
(J) TUNEL staining of wt and Parl/ 7-week-old spleens. Scale bar, 75 mm.166 Cell 126, 163–175, July 14, 2006 ª2006 Elsevier Inc.
the differential ability of ascorbate and N,N,N’,N’-tetra-
methyl-p-phenylenediamine (TMPD) to reduce free (intra-
membrane space located) and membrane-bound (cristae
located) cytochrome c, respectively. The ratio of ascor-
bate-driven over TMPD-driven respiration increases
when cytochrome c is mobilized from its binding sites on
(K) Cumulative analysis of subset distribution of splenic lymphocytes stained with CD4-FITC, CD8-PECy5, and B220-PE antibodies. Data represent
mean ± SE of eight 7-week-old littermates.
(L) Absolute values of B220+ splenic lymphocytes ±SE from eight different wt and Parl/ littermates.
(M) Decreased viability of B lymphocytes in Parl/ spleens. Viability was calculated as the percentage of annexin-V-Fluos-negative cells in gated
B220+ splenic lymphocytes. Data represent mean ± SE of five wt and Parl/ littermates.
(N) Fluoro-Jade staining ofCapsula interna fromwt (+/+) and Parl/ (/) 8-week-old littermates. Arrows indicate degenerating neurons. Scale bars,
100 mm.
(O) Hematoxylin staining of abdominal wall muscles of 8-week-old wt (+/+) and Parl/ (/) littermates. Scale bars, 120 mm.
(P) Quantitative analysis of oxygen consumption in mitochondria isolated from limb muscles of 8-week-old littermates of the indicated genotype.
Mitochondria were incubated with glutamate/malate (G/M), pyruvate/malate (P/M), a-ketoglutarate/malate (a-KG/M), a-glycerophosphate (a-GP),
or succinate (S) into an oxygen electrode chamber. Data represent average ± SE of five independent experiments.
Figure 3. PARL Controls Apoptosis Induced by Intrinsic Stimuli and Is Required for Antiapoptotic Activity of OPA1
(A) MEFs (bars on the left) or primary myoblasts (bars on the right) of the indicated genotype were treated with TNF-a, etoposide, staurosporine, H2O2,
or transfected with tBID-GFP. Viability was determined as the percentage of annexin-V-Fluos, PI-negative cells by flow cytometry, as the percentage
of GFP-positive, annexin-V-Alexa 568-negative cells in the case of tBID, or as the number of TUNEL-negative nuclei by imaging in the case of myo-
blasts. Data represent mean ± SE of five independent experiments.
(B–D) MEFs of the indicated genotype transfected as indicated were treated with etoposide (B), staurosporine (C), or H2O2 (D). At the indicated times,
viability was determined cytofluorimetrically as the percentage of GFP-positive, annexin-V-Alexa568-negative cells.
(E) MEFs were transfected as indicated and lysed after 24 hr. Protein (50 mg) was analyzed by SDS-PAGE/immunoblotting.
(F) Parl/MEFs stably expressing the indicated shRNA-generating pSilencer (pSil) plasmids (scr: scrambled) were lysed, and 40 mg of protein were
analyzed by SDS-PAGE/immunoblotting.
(G) MEFs were transfected as indicated and lysed after 24 hr. Protein (40 mg) was analyzed by SDS-PAGE/immunoblotting.
(H) MEFs cotransfected with GFP and the indicated plasmids were treated after 24 hr with 1 mMH2O2, and viability wasmeasured after further 4 hr as
the percentage of GFP-positive, annexin-V-Alexa 568-negative cells. Data represent mean ± SE of five independent experiments.
(I) Cells of the indicated genotype were treated with H2O2, etoposide, or staurosporine, and viability was determined as the percentage of GFP-
positive, annexin-V-Alexa 568-negative cells. Data represent mean ± SE of five independent experiments.Cell 126, 163–175, July 14, 2006 ª2006 Elsevier Inc. 167
Figure 4. PARL Regulates theMitochondrial Pathway of Apoptosis by Controlling OPA1-Dependent Mobilization of Cytochrome c
(A) Representative confocal images of wt and Parl/MEFs cotransfected with mtRFP (red) and empty vector or OPA1. Cells were treated for 90 min
with 1 mM H2O2, fixed, and immunostained with a FITC-conjugated anti-cytochrome c antibody (green).
(B) Experiments as in (A), except that cells were fixed at the indicated times. Localization index was calculated from 30 randomly selected images.
Data represent mean ± SE of five independent experiments.
(C) Representative confocal images of wt and Parl/ primary myoblasts immunostained with anti-cytochrome c (green) and anti-TOM20 (red)
antibodies. When indicated, cells were treated for 90 min with 1 mM H2O2.
(D) Localization index for cytochrome c in myoblasts. Experiments were performed as in (B). Data represent mean ± SE of three independent
experiments.
(E) Representative pseudocolor-coded images of TMRM fluorescence in wt and Parl/MEFs transfected with GFP and empty vector or OPA1. Cells
were loaded with 20 nM TMRM and real-time imaging sequences were acquired. Initial (left) and t = 35min (right) frames are shown. Scale bar, 20 mm.
(F) Quantitative analysis of TMRM fluorescence changes over mitochondrial regions in transfected cells identified from their GFP fluorescence. Data
represent mean ± SE of six independent experiments performed as in (E). Where indicated (arrows), 1 mM H2O2 and 2 mM FCCP were added.
(G) Liver mitochondria were treated with cBID and the amount of cytochrome c in the supernatant and in the pellet was determined by ELISA. Data
represent the average ± SE of three independent experiments.
(H) Liver mitochondria were treatedwith cBID. DMSO or 10mMBMHwas added at the indicated time (Wei et al., 2000). Mitochondrial proteins (40 mg)
were analyzed by SDS-PAGE/immunoblotting using anti-BAK antibody. Arrowhead, BAK; asterisks, BAK multimers.cristae membranes (Scorrano et al., 2002). We also mea-
sured cytochrome b5-mediated NADH oxidation, which is
rate limited by free cytochrome c in the intermembrane
space (IMS) (Bernardi and Azzone, 1981; Scorrano et al.,
2002). Both assays showed that cytochrome c redistrib-
uted faster into the IMS in Parl/ compared to wt mito-
chondria in response to cBID (Figures 5A–5C). Electron
microscopy and morphometric analysis showed that re-
modeled class II morphology, which accounts for mobilized
cytochrome c (Scorrano et al., 2002), appeared earlier in
Parl/ mitochondria following cBID (Figure 5D,E). Thus,168 Cell 126, 163–175, July 14, 2006 ª2006 Elsevier Inc.PARL participates in the mechanism keeping in check
cristae and cytochrome c redistribution during apoptosis.
Parl Is Dispensable for Mitochondrial Fusion
The yeast ortholog of Parl, RBD1, is required for mainte-
nance of mitochondrial morphology, which in turn influ-
ences mitochondrial participation to apoptosis (Youle
and Karbowski, 2005). Rbd1p cleaves Mgm1p, and ex-
pression of an Rbd1p-cleaved Mgm1p isoform in Drbd1
cells partially complements mitochondrial shape defects
(McQuibban et al., 2003). The mammalian ortholog of
Figure 5. Kinetics of Cytochrome c
Mobilization and Cristae Remodeling in
Mitochondria Lacking PARL
(A) Liver mitochondria were treated with cBID
or with vehicle, transferred into an oxygen
electrode chamber, and ascorbate/TMPD re-
spiratory ratio was determined. Data represent
average ± SE of five independent experiments.
(B) Representative traces of NADH fluores-
cence changes caused by cytochrome
b5-dependent NADH oxidation. Liver mito-
chondria were incubated with cBID or with
vehicle. Where indicated (arrow), 20 nmol
NADH 3 mg protein1 were added.
(C) Experiment was performed as in (B). Data
represent average ± SE of five independent
experiments.
(D) Representative electron micrographs of wt
and Parl/ mitochondria. Mitochondria from
livers were treated for the indicated time with
cBID, fixed, and TEM images of randomly
selected fields were acquired. Arrowheads
denote class I (normal) mitochondria, arrows
class II (remodelled) mitochondria. Scale bar,
500 nm.
(E) Morphometric analysis of wt and Parl/mi-
tochondria treated with cBID for the indicated
times. Experiments were performed as in (A).
Data represent average ± SE of three indepen-
dent experiments.Mgm1p is OPA1, which requires MFN1 to promote fusion
of mitochondria (Cipolat et al., 2004).
We decided therefore to investigate whether PARL, like
its yeast homolog Rbd1p, controlled OPA1-dependent
mitochondrial dynamics. Mitochondria of Parl/ MEFs
transfected with amitochondrially targeted yellow fluores-
cent protein (mtYFP) appeared globular or rod-shaped,
their elongation being visually (Figure 6A) and quantita-
tively (Figure 6B) undistinguishable from that of wt cells.
Fusion rates of mitochondria were identical in wt and
Parl/ MEFs (Figures 6C and 6D). Mitochondrial mor-
phology was similar in wt and Parl/ primary myoblasts
as well (Figure 6E). Levels of OPA1 were not changed in
Parl/MEFs (Figure S2A), and its expression (Figure S2A)
caused mitochondrial elongation (Figures 6A and 6B)
comparable to that observed in wt cells (Cipolat et al.,
2004). Thus, Parl is not required for the pro-fusion effect
of OPA1. MFN1 and MFN2 also promoted equal mito-
chondrial elongation in wt and Parl/ cells (Figures 6A
and 6B), and expression of PARL had no effect on mito-chondrial shape (Figures 6A and 6B) or fusion (data not
shown) in wt MEFs. In total, these data indicate that Parl
is not required for maintenance of mitochondrial shape
and/or fusion, even in tissues severely affected by Parl
ablation, like muscle, and that Parl is dispensable for
regulation of mitochondrial dynamics by OPA1.
Parl and OPA1 Act in the Same Antiapoptotic
Pathway
OPA1 regulates mitochondrial shape, but is also an anti-
apoptotic protein (Lee et al., 2004). We considered the
possibility that both functions could be (partially) indepen-
dent from each other and investigated whether Parl was
required for the antiapoptotic function of OPA1. OPA1
protected wt but not Parl/ MEFs from death by etopo-
side, staurosporine, and H2O2 (Figures 3B–3D). Further-
more, expression of OPA1 in Parl/MEFs did not reduce
cytochrome c release (Figures 4A and 4B) or mitochon-
drial depolarization (Figures 4E and 4F) following intrinsic
stimuli. Thus, in the absence of Parl, OPA1 is unable toCell 126, 163–175, July 14, 2006 ª2006 Elsevier Inc. 169
Figure 6. PARL Is Not Required for Mitochondrial Fusion
(A) MEFswere cotransfectedwithmtYFP and empty vector or the indicated plasmid. Confocal images ofmtYFP fluorescence from randomly selected
cells. Scale bar, 10 mm.
(B) Morphometric analysis of mitochondrial shape. Experiments were as in (A). Fifty randomly selected images of mtYFP fluorescence were acquired,
stored, and classified as described. Data represent mean ± SE of five independent experiments.
(C) MEFs transfected with mtRFP and mtGFP or cotransfected with OPA1 were fused with PEG1500 and fixed after 4 hr. Scale bar, 20 mm.
(D) Time course of mitochondrial fusion in wt and Parl/ MEFs. Experiments were performed as in (C), except that cells were fixed at the indicated
times. Mitochondrial fusion was measured from 30 randomly selected polykaryons. Data represent mean ± SE of three independent experiments.
(E) Mitochondrial morphology in myoblasts isolated from diaphragm of wt and Parl/ 7-week-old littermates. Myoblasts were loaded with 10 nM
TMRM. Randomly selected confocal, 20 mm deep z axis stacks of TMRM fluorescence were acquired, stored, reconstructed, and volume rendered.
Images on the left side aremiddle sections of the z-stacks, on the right, magnified (33) volume-rendered 3D reconstructions of the stacks. Scale bars,
10 mm on the left, 3 mm on the right.block apoptosis, placing PARL and OPA1 in the same
genetic pathway. We next ablated OPA1 using short
hairpin RNA interference (shRNAi) in wt and Parl/ MEFs
(Figure 3F). This rendered both cell types more suscep-
tible to apoptosis (Figure 3I and Lee et al., 2004). Reintro-
duction of PARL in Parl/ MEFs in which OPA1 was
silenced (Figure 3G) did not rescue from enhanced
apoptosis (Figure 3I). Thus, PARL is genetically positioned
upstream of OPA1 in this pathway of death.
PARL Is Involved in the Production of Soluble,
Antiapoptotic OPA1
PARL is apparently upstream of OPA1 in a pathway regu-
lating cytochrome c release during apoptosis. Further
experiments suggested that PARL and OPA1 interacted170 Cell 126, 163–175, July 14, 2006 ª2006 Elsevier Inc.at the protein level as well. Subfractionation of mitochon-
dria showed that both PARL and OPA1 were localized in
the inner mitochondrial membrane (Figure 7A) and anti-
PARL antibody specifically coimmunoprecipitated OPA1
in wt but not Parl/MEFs (Figure 7B). Finally, OPA1 inter-
acted with PARL in a yeast two-hybrid interaction experi-
ment (Table S1). As the proteins interact and the catalytic
site of PARL is required to regulate cytochrome c release
(Figure 3H),we investigatedwhetherOPA1could bea sub-
strate of PARL. OPA1 is synthesized as an integral IM pro-
tein from one single gene. Alternative splicing generates at
least eight different transcripts, all of them containing the
transmembrane domain (Delettre et al., 2001). This com-
plicated considerably the identification of potential pro-
cessed OPA1 forms in immunoblots of mitochondrial
Figure 7. PARL Interacts with OPA1 and Participates in the Production of an Intermembrane Space FormRequired to Protect from
Apoptosis
(A) Mouse liver mitochondria were subfractionated, and 50 mg of matrix (M), intermembrane space (IMS), inner membrane (IM) and outer membrane
(OM) proteins were separated by SDS-PAGE and immunoblotted with the indicated antibodies.
(B) Western blots (WB) using OPA1, PARL, and COXIII antibodies as indicated of mitochondrial proteins immunoprecipitated with PARL antibodies
(IP) or present in total mitochondrial lysate (mito). Arrows indicate OPA1, PARL, and COX III, respectively.
(C) Pellet (p, 10 mg) and supernatant (sn, 100 mg) of hypotonically swollen, KCl-washedmitochondria isolated fromMEFs of the indicated genotypes to
release IMS proteins were analyzed by SDS-PAGE/immunoblotting using anti-OPA1 and anti-cytochrome c (cyt c) antibodies.
(D) Densitometric analysis of IMS OPA1. Experiments were as in (C). Data represent average ± SE of eight independent experiments.
(E) Cells were transfected with IMS-OPA1-FLAG, and the IMS and membrane fractions from isolated mitochondria were separated as in (D) and
analyzed by SDS-PAGE/immunoblotting.
(F) MEFs cotransfected with GFP and empty vectors or with the indicated plasmids were treated with staurosporine, H2O2, and etoposide. Viability
was determined cytofluorimetrically as the percentage of GFP-positive, annexin-V-Alexa 568-negative cells. Data represent mean ± SE of five
independent experiments.fractions isolated from different tissues (data not shown).
In order to enrich for potential cleaved, soluble OPA1
forms, we generated membrane (pellet) and IMS (super-
natant) fractions from mitochondria by hypotonic swelling
and salt washes, a treatment that dissociates weakly
bound proteins from the IM (Jacobs and Sanadi, 1960).
An OPA1 form characterized by lower MW was found in
the IMS (Figures 7A and 7C), and levels of this IMS
OPA1 were reduced in Parl/ mitochondria (Figure 7C
and densitometry in 7D). Accordingly, stable reintroduc-
tion in Parl/ MEFs of wt but not the catalytic dyad mu-
tant H335G PARL restored levels of IMS OPA1
(Figure 7C and densitometry in 7D). This was not due to
differences in expression of these reintroduced PARLs
(Figure S2B), suggesting that the catalytic activity of
PARL is involved in the generation of this soluble IMSform, although we cannot exclude at this point that the ac-
tion of PARL on OPA1 could be indirect. Some OPA1 re-
mained detectable in the IMS of Parl/ mitochondria,
suggesting the existence of at least one additional prote-
ase that cleaves OPA1.
The reduced levels of IMS OPA1 could explain in-
creased susceptibility ofParl/ cells to apoptosis. A FLAG-
tagged OPA1 in which residues 1–229 were replaced with
the IMS targeting signal of AIF (IMS-OPA1) (Otera et al.,
2005) was targeted to the IMS (Figure 7E). IMS-OPA1 pro-
tected wt but notably also Parl/ MEFs from apoptosis
induced by all intrinsic stimuli tested (Figure 7F), substan-
tiating a pivotal role for IMS-OPA1 in the regulation of cell
death. IMS-OPA1 did not induce mitochondrial elongation
(Figures 6A and 6B), dissociating even further the pro-
fusion effect from the antiapoptotic function of OPA1.Cell 126, 163–175, July 14, 2006 ª2006 Elsevier Inc. 171
DISCUSSION
We demonstrate here that PARL is an antiapoptotic pro-
tein. Ablation of this gene causes faster release of the
cytochrome c pool from the mitochondrial cristae. This
function critically depends on a genetic interaction with
OPA1 and involves the generation of a soluble, IMS-
located form of OPA1. As demonstrated in the accompa-
nying manuscript (Frezza et al., 2006), membrane bound
and soluble IMS OPA1 participate in the formation of
oligomers, and their disruption correlates with the tight-
ness of the cristae junctions and cytochrome c release.
The reduced levels of IMS-OPA1 in the Parl/ cells could
therefore represent a mechanistic explanation for the
increased apoptosis observed in the Parl/ mice.
Parl Deficiency Causes Increased Apoptosis,
Resulting in Generalized Wasting
and Premature Death
PARL was initially identified in a two-hybrid screen using
the carboxy-terminal part of presenilin as bait (Pellegrini
et al., 2001). We anticipated therefore that Parl ablation
would cause embryonic phenotypes overlapping with
those observed in presenilin-deficient animals (Marjaux
et al., 2004). However, the phenotype of Parl/ mice is
completely different, being characterized by progressive
cachexia from the fourth week on, eventually leading to
death. In addition, APP is normally processed in Parl/
mice (data not shown). It is reasonable to conclude that
presenilin binds PARL only in vitro.
We next turned to rbd1p, the PARL ortholog in S. cere-
visiae. Rbd1p deficiency causes mitochondrial fission,
respiratory dysfunction, and growth arrest (Esser et al.,
2002; Herlan et al., 2003; McQuibban et al., 2003; Sesaki
et al., 2003). However, Parl/mitochondria from multiple
tissues did not display overt or latent respiratory dys-
function in vitro or in situ or changes in mitochondrial mor-
phology. Thus, the function of Rbdp1p in yeast seems not
to be conserved in PARL in mice, an evolutionary diver-
gence seen also with other rhomboids (Freeman, 2004).
Parl/ mice shared several phenotypical characteris-
tics with Bcl-2/mice, including early postnatal mortality
withmuscular atrophy andmassive apoptotic involution of
thymus and spleen (Veis et al., 1993). Muscle wasting is
also compatible with increased apoptosis (Kujoth et al.,
2005). Parl/ primary myoblasts indeed displayed higher
sensitivity to intrinsic stimuli of apoptosis, which together
with analysis of other tissues and cells, further substanti-
ates a role for PARL in the control of cell death.
PARL Is Epistatic toOPA1 in Controlling Cytochrome
c Mobilization from Cristae during Apoptosis
Rbd1p interacts with Mgm1p in yeast to regulate mito-
chondrial fusion. We therefore evaluated whether PARL
interacts with OPA1, the mammalian ortholog of
Mgm1p. OPA1 has pro-fusion ability, which depends on
MFN1 (Cipolat et al., 2004), and antiapoptotic activity,
which could be dependent or separated from its fusion172 Cell 126, 163–175, July 14, 2006 ª2006 Elsevier Inc.ability (Lee et al., 2004). PARL deficiency did not affect
fusion by OPA1 or MFN1, but was clearly involved in
the antiapoptotic function of OPA1. Furthermore, when
Opa1 was silenced by siRNA in Parl/ cells, they were
no longer rescued by reexpression of PARL, demonstrat-
ing that PARL is genetically positioned upstream of OPA1.
Yeast two-hybrid and coimmunoprecipitation assays indi-
cated a direct protein-protein interaction between PARL
and OPA1. In the accompanying paper, we demonstrate
that disruption of OPA1-containing oligomers correlates
with mitochondrial cristae remodeling and completion of
cytochrome c release (Frezza et al., 2006). Accordingly,
we observed in Parl/ fibroblasts and myoblasts, as
well as in purified Parl/ liver mitochondria, enhanced
mitochondrial remodeling and mobilization of cristae
stores of cytochrome c, corroborating the conclusion
that PARL and OPA1 are part of the same molecular path-
way of death.
PARL Participates in the Generation of Soluble
IMS OPA1
Rbd1p regulates mitochondrial shape by proteolytic
processing of Mgm1p, and PARL can rescue Rbd1p
proteolytic processing of Mgm1p in yeast (McQuibban
et al., 2003), indicating that PARL proteolytic activity, as
opposed to its function in mitochondrial morphology, is
maintained in evolution. However, multiple splice variants
of OPA1 complicate the comparison of its electrophoretic
migration pattern in mammalian wt and Parl/ tissues.
We therefore focused on the hypothesis that PARL could
be involved in the generation of an IMS, soluble form of
OPA1. We found indeed a small (4%) fraction of IMS-
OPA1 that decreased strongly in Parl/ mitochondria.
Expression of a version of OPA1 targeted to the IMS
(Otera et al., 2005) protected Parl/ fibroblasts from
apoptosis like wt OPA1 did in wt cells. Finally, PARLH335G,
mutated in its catalytic dyad (Lemberg et al., 2005), did not
rescue production of IMS OPA1 in Parl/ mitochondria
and also failed to rescue the apoptotic phenotype of
Parl/ cells, suggesting that OPA1could indeed be a sub-
strate for PARL. Obviously, we cannot exclude that PARL
could act indirectly via activation of another, unknown
protease (Arnoult et al., 2005) or that OPA1 is processed
independently by multiple proteases. These possibilities
are supported by the retrieval of traces of IMS-OPA1 in
Parl/ MEFs. Our overall analysis strongly supports,
however, our conclusion that PARL has a crucial role in
proteolytic processing of OPA1.
IMS and integral IM OPA1 both participate in oligomers
that are disrupted during cristae remodeling and release of
cytochrome c. These oligomers are greatly reduced in
Parl/ mitochondria (Frezza et al., 2006). We therefore
suggest that the reduced OPA1 processing in Parl/
tissues can account for the faster cristae remodeling
and cytochrome c mobilization and ultimately for the
increased apoptosis observed in the Parl-deficient mice.
It remains unclear why only a small fraction of OPA1 be-
comes cleaved by PARL (or by a yet unknown protease).
In other examples of intramembrane proteolysis, like
Notch signaling (Mumm et al., 2000), the substrate is
cleaved after a conformational switch induced by binding
to a ligand and/or cleavage by a second protease. Alterna-
tively, cleavage of OPA1 could be regulated by compart-
mentalization, a case exemplified by the couple Spitz/
Rhomboid-1. Before cleavage, Spitz is kept at the endo-
plasmic reticulum, while Rhomboid-1 resides in Golgi.
Since PARL and OPA1 are both located in the inner mem-
brane, one has to speculate that the two proteins are
sequestered in different domains and that only a small
fraction of total OPA1 becomes available for cleavage,
a possibility supported by the high level of compartmen-
talization of the IM (Perotti et al., 1983).
Intramembrane Proteolysis Involved
in the Regulation of Apoptosis
In the last few years, several intramembrane cleaving pro-
teases have been identified, overturning the dogma that
proteolysis (a hydrolyzing reaction) occurs only in aqueous
environments (Annaert and De Strooper, 2002; Brown
et al., 2000; Freeman, 2004; Kopan and Ilagan, 2004).
Intramembrane proteolysis often generates an active sol-
uble protein fragment that translocates to the nucleus to
activate gene transcription or acts as a soluble ligand in
a paracrine way. In Drosophila, rhomboids are important
regulators of the EGFR pathway (Freeman, 2004). In bac-
teria and parasites, rhomboids are involved in quorum
sensing (Gallio et al., 2002) and in invasion of host cells
(Brossier et al., 2005). In all eukaryotes, a mitochondrial
rhomboid is present, which in yeast is involved in the reg-
ulation of mitochondrial fusion and respiration. Little is
known about the function of rhomboids in mammals, but
the analysis of the Parl-deficient mouse now implicates
the mitochondrial rhomboid in the regulation of apoptosis.
The fact that Parl deficiency affects mice only in their early
adult life suggests that this rhomboid protease could be-
come an important drug target to modulate apoptosis in
diseases of adult life, like cancer and neurodegenerative
disorders.
EXPERIMENTAL PROCEDURES
Generation of Parl-Deficient Mice
The hygromycin B resistance gene flanked with two FRT sequences
and one loxP sequence was inserted into intron 2 of a 9.5 kb BglII
DNA restriction fragment of Parl covering the ATG start codon, exons
2 and 3, and a part of intron 4. A second loxP sequence was inserted
into the SmaI site in intron 3 (Figure 1A). Hygromycin B-resistant E14
ES colonies were screened by Southern blot analysis (Figure 1B).
Two mutated ES cell lines were microinjected into blastocysts of
C57Bl/6J mice. Animals carrying a null allele were obtained after
breeding with transgenic females expressing a PGK-driven Cre-
recombinase.
Antibodies
A Parl carboxy-terminal antibody was generated by immunizing
rabbits with a synthetic peptide (HEIRTNGPKKGGGSK) coupled to
keyhole limpet haemocyanin (KLH). Other antibodies used are de-
scribed in the Supplemental Data.Analysis of Cell Death
Thymic lymphocytes were stained with CD4-FITC, CD8-PECy5, and
annexin-V-Alexa 568. Splenic lymphocytes were stained with B220-
PE and annexin-V-Fluos (Roche). Viability was determined by the per-
centage of annexin-V-negative events in the gated CD4, CD8-positive
or B220-positive population. 1 3 105 MEFs were treated with TNF-a
(100 IU and 0.5 mg/mL actinomycin, 6 hr), etoposide (5 mM, 16 hr),
staurosporine (1 mM, 16 hr), H2O2 (1 mM, 4 hr), or transfected with
tBID-GFP (48 hr) and stained with propidium iodide (PI) and annexin-
V-FLUOS. Viability wasmeasured by flow cytometry as the percentage
annexin-V, PI-negative cells or as the percentage of annexin-V-nega-
tive events in the GFP cotransfected positive population. TUNEL stain-
ing of myoblasts was performed using the Apop-Tag kit (Roche).
Mitochondrial Assays
MEFs, liver, and muscle mitochondria were isolated by differential
centrifugation. Details can be found in the Supplemental Data.
Mitochondrial oxygen consumption in the presence of 5 mM
glutamate/2.5 mMmalate or 2.5 mM pyruvate/1 mMmalate or a-keto-
glutarate 15 mM/1 mM malate for the analysis of complex I-driven
respiration; 5 mM succinate or 5 mM a-glycerophosphate in the
presence of 2 mM rotenone for complex II-driven respiration; or
3 mM ascorbate plus 150 mM TMPD in the presence of 0.5 mg/ml
antimycin A for complex IV-driven respiration was measured with a
Clarke-type oxygen electrode (Hansatech).
Cytochrome c redistribution and release in response to recombinant
cBID was determined as described (Scorrano et al., 2002). Unless
specified, cBID was used at a concentration of 32 pmol 3 mg1 of
mitochondria.
PEG fusion assays were performed as described in Cipolat et al.
(2004).
For protein cross-linking, mitochondria were treated with 10 mM
BMH (Pierce) for 30 min, dissolved in gel loading buffer, and proteins
were analyzed by SDS-PAGE.
Imaging
Transfected cells were analyzed with a Nikon Eclipse TE300 inverted
microscope equipped with a Perkin Elmer Ultraview LCI, a piezoelec-
tric z axis motorized stage (Pifoc), and an Orca ER 12-bit CCD camera
(Hamamatsu). Morphometric analysis was performed as described in
Cipolat et al. (2004). Stacks of 20 images separated by 1 mm along
the z axis were acquired. 3D reconstruction and volume rendering
were performed using a plug-in of ImageJ (NIH). For imaging of poly-
karions and of cytochrome c release, a Nikon Eclipse E600FN upright
microscope equipped with a Biorad Radiance 2100 CLS was used.
Colocalization index was calculated as described (Frezza et al.,
2006). Details on objectives and excitation/emission wavelengths
can be found in the Supplemental Data.
Electron Microscopy
Fixation, embedding, TEM, and morphometric analysis of isolated
mitochondria was performed by the Telethon EM Core Facility
(TEEMCoF) as described (Scorrano et al., 2002).
Submitochondrial Fractionation and Immunoblotting
For detection of IMS proteins, freeze-thawn mitochondria were hypo-
tonically swollen in 10mM Tris-Cl (pH 7.4), spun at 10,0003 g, and the
pellet was further washed in 150 mM KCl, 10 mM Tris-Cl (pH 7.4). The
supernatants were pooled, concentrated 10-fold using a Centricon-10
filter unit (Millipore), and constituted the IMS fraction. Proteins were
dissolved in gel-loading buffer (NuPAGE, Invitrogen) and electrophor-
esed.
Submitochondrial fractionation was performed according to Sotto-
casa et al. (1967). Briefly, mitochondria (50 mg) were incubated in
10 mM KH2PO4. After centrifugation, the pellet was resuspended in
125 mM KCl, 10 mM Tris-MOPS (pH 7.4), and centrifuged again. The
combined supernatants constituted the IMS fraction. The pellet wasCell 126, 163–175, July 14, 2006 ª2006 Elsevier Inc. 173
then resuspended in 10mMKH2PO4, 1.8 M sucrose, 2 mMATP, 2 mM
MgSO4, and centifuged over a 1.18 M sucrose cushion at 90,000 3 g.
The upper clear layer corresponded to the matrix (M) fraction, the
yellow interphase to the OM, and the pellet to the IM.
For immunoprecipitation, 200 mg of mitochondria isolated from
MEFs were dissolved in RIPA buffer. Anti-PARL immunocomplexes
were adsorbed on 50 ml agarose beads conjugated with protein-G
and boiled in loading buffer.
Supplemental Data
The Supplemental Data for this article can be found online at http://
www.cell.com/cgi/content/full/126/1/163/DC1/.
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